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Human T cell leukemia virus type-1 (HTLV-1) is an oncogenic
retrovirus etiologically causal of adult T cell leukemia. The virus
encodes a Tax oncoprotein that functions in transcriptional regu-
lation, cell cycle control, and transformation. Because adult T cell
leukemia like many other human cancers is a disease of genomic
instability with frequent gains and losses of chromosomes, to
understand this disease it is important to comprehend how HTLV-1
engenders aneuploidy in host cells. In this regard, loss of cell cycle
checkpoints permits tolerance of aneuploidy but does not explain
how aneuploidy is created. We show here that HTLV-1 Tax causes
abnormal centrosome fragmentation in the mitotic phase of the
cell cycle. We report that Tax directly binds Ran and Ran-binding
protein-1, locates to centrosomes/spindle poles, and causes super-
numerary centrosomes.

oncogene | transformation | aneuploidy

uman T cell leukemia virus type-1 (HTLV-1) is the etio-

logical agent for adult T cell leukemia (ATL) (1-5). This
human retrovirus encodes a 40-kDa nuclear oncoprotein named
Tax (6—8). How T cells are transformed by HTLV-1 is currently
incompletely understood. However, it is thought that cellular
transformation by the virus is linked to Tax’s capacity to activate
pro-proliferation genes (9-13), to interact with cell-cycle factors
(8, 14-21), and to dysregulate checkpoints and DNA damage
repair pathways (22-24).

ATL cells, like many other cancer cells, possess a chromosomal
instability phenotype (24, 25). The nuclei of ATL cells have a typical
“flower” configuration consistent with their high degree of aneu-
ploidy. Recent findings suggest that the emergence of aneuploidy in
cells precedes malignant transformation (25, 26), although how
aneuploidy causes transformation continues to be debated. Aneu-
ploidy may arise in diploid cells in several ways. Two routes to
aneuploidy are the improper segregation of chromosomes during
mitosis and the occurrence of multinucleated polyploid cells from
failed cytokinesis. In both settings, supernumerary centrosomes are
common.

The centrosome is the major microtubule-organizing center in
animal cells. During the normal cell cycle, the single centrosome,
composed of two centrioles (27-30), is duplicated once and only
once. Normal centrosome replication is coupled to DNA synthesis,
and the newly replicated centrosome is completed during the G,/M
phase of the cell cycle to give rise to two spindle poles in mitosis.
Mistakes in centrosome duplication, accumulation, and fragmen-
tation have been linked to supernumerary centrosomes, multipolar
mitosis, aneuploidy, and cancer development (31-35). Indeed,
supernumerary centrosomes are frequent in many human cancers,
including breast, lung, and colon (36-38).

To investigate whether centrosome abnormalities contribute to
ATL development, we asked whether the HTLV-1 Tax oncoprotein
might affect this organelle’s function in cells. Here we show that Tax
locates to centrosomes and interacts with the Ran—-GTP network.
Our results suggest that during mitosis Tax targets Ran-binding
protein-1 (RanBP1) to cause aberrant centrosome fragmentation.
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Materials and Methods

Antibodies and Plasmids. Rabbit anti-Tax or mouse monoclonal
anti-Tax were from National Institutes of Health AIDS Reagent
Program. a-Tubulin was from Sigma (clone B-5-1-2). Goat anti-
Ran (clone 20), anti-RanBP1 (clone M-19 for murine cells and
clone C19 for human cells), and control short interfering RNA
(siRNA) were from Santa Cruz Biotechnology. Anti-hemaggluti-
nin (HA) was from Sigma. Centrosomes were visualized with
polyclonal pericentrin antibody (catalog no. PRB-432C, Covance,
Richmond, CA). siRNA against RanBP1 was from Invitrogen.
Wild-type Ran N-HA and nuclear mutant Ran D-HA plasmids
were from P. Wong (Temple University School of Medicine,
Philadelphia) (39).

Cells, Transfection, and Synchronization. Mouse embryonic fibro-
blast (MEF E6i), human fibroblast (BJ), and HeLa cells were
propagated in Dulbecco’s modified Eagle’s medium with 10% FCS
and transfected according to the manufacturer’s protocol using
Lipofectamine and Plus reagent (Invitrogen). Where indicated (see
Fig. 1), transfected cells were synchronized starting 3 h after
transfection. For synchronizations, cells were maintained in 0.5%
FCS for 48 h before transfection and stimulated to reenter the cell
cycle by raising the FCS concentration to 15%. Cells were treated
with 2 mM hydroxyurea (Sigma) for 24 h to analyze G,-S arrest or
with 0.2 mg/ml of nocodazole (Sigma) to analyze G,-M arrest.
Cells were analyzed by FACS (BD Biosciences, Franklin Lakes, NJ)
with MODFIT software (Verity Software House, Topsham, ME).

Immunofluorescence. Cells were cultured on glass coverslips,
washed in PBS, and fixed in methanol for 10 min at —20°C. To
prevent nonspecific binding, cells were first incubated with 1% BSA
in PBS for 30 min followed by primary antibodies for 1 h at room
temperature. Alexa Fluor 488- or 568-conjugated secondary anti-
bodies were then added for 45 min at room temperature. DNA was
counterstained with 0.1 wg/ml Hoechst 33342. Coverslips were
mounted in Prolong Antifade (Molecular Probes) on glass slides
and visualized with a Leica TCS-NP/SP confocal microscope.

Nickel Agarose Chromatography. MEFs were transfected with
pCDNA3TaxHis, pRan-HA, or pRanBP1-HA vectors and lysed in
nickel agarose lysis buffer (50 mM NaH,PO,/300 mM NaCl/5 mM
imidazole/0.05% Tween 20/Complete protease inhibitor). His-
conjugated proteins were purified by nickel chromatography (Ni-
NTA agarose, Qiagen, Valencia, CA). Beads were washed with
nickel agarose wash buffer (50 mM NaH,PO,/300 mM NaCl/10
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Fig. 1. Tax is associated with centrosomes and induces abnormal centrosome morphology and number. Tax associates with centrosome during mitosis. (A)

Asynchronous MEFs were transiently transfected with GFP-Tax and fixed with methanol. Signals from GFP-Tax (Alexa Fluor 488), y-tubulin (Alexa Fluor 568),
and DNA (Hoechst 33342) were merged. (B and C) Three hours after transfection, cells were synchronized for 24 h with 2 mM hydroxyurea (B) or 0.2 mg/ml
nocodazole (C) and fixed with methanol. GFP-Tax and pericentrin were revealed with Alexa Fluor 488- and 568-conjugated secondary antibodies, respectively.
Signals were then merged and are shown. The histograms show a parallel set of cells that were fixed in 70% ethanol and stained with propidium iodide for FACS.
(D and E) Tax induces abnormal centrosome amplification. MEFs were transiently transfected with HTLV-1 Tax C-terminally fused to GFP (GFP-Tax). (E) Several
enlarged examples of fragmentation of Tax-associated centrosomes. GFP-Tax and pericentrin were revealed with Alexa Fluor 488- and 568-conjugated secondary
antibodies, respectively. DNA was counterstained with Hoechst 33342. (F) Centrosomal aberration was many fold higher in Tax-expressing cells than in control

cells (300 cells were counted). Arrows point to centrosomes.

mM imidazole/0.05% Tween 20). Nickel-binding proteins were
resuspended in 2X sample buffer supplemented with 200 mM
imidazole and heated for 10 min at 95°C before Western blotting.

In Vitro Pull Down and Immunoprecipitation. GST and GST-Tax
were expressed in BL21 cells. After isopropyl-B-D-thioglactoside
induction for 5 h at 37°C (1 mM final concentration), cells were
lysed with NENT buffer (20 mM Tris-HCI, pH 8.0/100 mM NaCl/1
mM EDTA/0.5% Nonidet P-40/1 mM PMSF/protease inhibi-
tors). GST proteins were recovered by binding to gluthatione
Sepharose resin and were incubated with Jurkat extracts. Proteins
bound to beads were detected by using anti-Ran. For coimmuno-
precipitations, HeLLa and MEFs were transfected with Ran—-HA or
RanBP1-HA plus GFP-tagged Tax wild type or mutants using
Lipofectamine and Plus reagent (Invitrogen). Cell pellets were
resuspended in RIPA buffer (50 mM Hepes, pH 7.3/150 mM
NaCl/2 mM EDTA/20 mM B-glycerophosphate/0.1 mM
Na;VO,/1 mM NaF/0.5 mM DTT/protease inhibitors). Total cell
lysates were immunoprecipitated with monoclonal anti-HA aga-
rose or anti-GFP/protein A/G beads (Sigma-Aldrich) overnight at
4°C. The coimmunoprecipitates were analyzed by SDS/PAGE and
immunoblotted.

Results

Tax Locates to Centrosomes During Mitosis. Tax is the HTLV-1
oncoprotein that dysregulates cellular checkpoints and is linked to

Peloponese et al.

genomic instability (8, 13). Of note, Tax expression induces
multinucleated cells, which, at a low stochastic frequency, leads to
the accumulation and emergence of aneuploid cells (18, 40). How
a normal T cell infected by HTLV-1 transits from euploidy to
aneuploidy is poorly understood. Recently, a role for the centro-
some in chromosomal instability and carcinogenesis has been
proposed for many solid tumors (41), and we wondered whether
centrosome abnormalities may also explain aneuploidy in Tax-
expressing cells.

To ask whether Tax causes centrosome pathology, we transfected
MEFs with GFP-control or GFP-Tax plasmid. Centrosomes com-
pose the poles of the cell’s mitotic spindles. During interphase, the
centrosome is a cytoplasmic organelle and the Tax protein is
nuclear. When we transfected asynchronous cells in culture, we
observed that mitotic cells were seen at a high frequency with Tax
at the centrosome of the spindle poles (Fig. 14). To understand
when Tax first appears at centrosomes, we synchronized newly
transfected MEFs either at the G4 /S junction by using hydroxyurea
(Fig. 1B) or at M by using nocodazole (Fig. 1C). In G;/S cells, no
GFP-Tax was with centrosomes (stained with anti-pericentrin)
(Fig. 1B); by contrast, nocodazole-treated cells in early M showed
clear colocalization of GFP-Tax with pericentrin (an integral
centrosome protein) (Fig. 1C).

If cells are released from nocodazole arrest (Fig. 1C) and allowed
to progress to metaphase and anaphase, we frequently observed
distinct changes in the morphology and intactness of Tax-associated

PNAS | December 27,2005 | vol. 102 | no.52 | 18975

CELL BIOLOGY



Lo L

P

1\

=y

<<
e M E
b S | — Ran IE WP (— Ran-HA
= 1]
z 3|z
= = | L His-Tax
-] e | e GST-Tax Z\z ol e
= -
£ |5
o |é 5|z
Q Szl e e |—RoHA
- | 745 673
pCONA3D + +  +
51|s . RanN-HA - + - - +
al|s +
=1% --—Ran RanD-HA - - + =« -«
= | = His-Tax - - - + + +
1 2
C 9 — GFP-Tax
<| o ‘--g—
Ils
=l =
I
& ’ — GFP
I
& S—— - [— Ran-HA
5 — e | — GFP-Tax
=3 — -
El=
&
L=
&
o> @ -

9 10 11 12 13 14
pCDNAZD + + + .
EGFP - + - - +
GFP-Tax - - + - - +
RanN-HA - - - + 4+

Fig. 2. HTLV-1 Tax binds Ran-GTPase. (A) In vitro interaction between Tax
and Ran-GTPase (Ran). (Top and Middle) MEF extracts were incubated with
GST or GST-Tax, and pull-downs were probed and detected with anti-Ran
(Top) and anti-GST (Middle) by Western blot. (Bottom) Amount of Ran in cell
extract was verified. Lane 1, incubation of extract with GST; lane 2, incubation
of extract with GST-Tax. (B and C) Coimmunoprecipitation of Tax and Ran. (B)
MEFs were transfected with empty vector (lane 3), Ran wild type (Ran N-HA)
(lanes 4 and 7) or nuclear mutant (Ran D-HA) (lanes 5 and 8), and a His-tagged
Tax vector (His-Tax) (lanes 6-8). His-tagged Tax protein was pulled-down by
Ni-agarose beads. Pull downs were probed with anti-HA or anti-Tax. Amount
of Ran in the extract was monitored by using anti-HA. (C) MEFs were trans-
fected with empty vector (lane 9) or a Ran vector (Ran N-HA) (lanes 12-14) with
either GFP (EGFP) (lanes 10 and 13) or GFP-Tax (lanes 11 and 14). Ran-HA was
immunoprecipitated by anti-HA. GFP-Tax was detected by anti-GFP. Amounts
of Ran-HA and GFP-Tax in cell extract were monitored by using anti-HA and
anti-GFP. IB, immunoblot.

centrosomes. For example, many anti-pericentrin-stained spindle
pole bodies became misshaped and multiply fragmented (Fig. 1 D
and E). Centrosome fragmentation has been reported to be a
consequence of genotoxicity and DNA damage (31, 42). In our
experiments, we noted that Tax expression increased the prevalence
of centrosome abnormalities in cells by 8-fold over control cells
(Fig. 1F).

Tax Interacts with Ran-GTPase. The centrosome is a complex or-
ganelle composed of two barrel-shaped centrioles surrounded by a
dense pericentriolar matrix (30, 43) with many associated proteins.
Ran-GTPase, a well known regulator of nucleocytoplasmic trans-
port (44-46), and several Ran binding proteins are associated with
the centrosome (46). Ran has been suggested to drive mitotic
spindle assembly by controlling the availability of aster-promoting
activities (47).

Because Ran and Tax (48) shuttle between the nucleus and the
cytoplasm and both associate with centrosomes, we wondered
whether Tax might target Ran to create centrosome pathology. To
test this hypothesis, we asked whether Tax binds Ran. We incubated

18976 | www.pnas.org/cgi/doi/10.1073/pnas.0506659103
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Fig.3. Taxinteracts with Ran in cells. Tax and Ran colocalize at centrosomes,
and Tax association with Ran disrupts centrosome integrity. MEFs were co-
transfected with GFP-Tax and Ran-HA. Anti-HA, anti-pericentrin, and anti-
GFP were used to reveal the subcellular localization of Ran and Tax. DNA was
stained with Hoechst 33342. Signals were then merged. (Top and Middle) With
or without Tax, Ran localized with centrosomes in mitotic cells (arrows).
(Middle and Bottom) In the presence of Tax, abnormally amplified centro-
somes were observed.

GST or GST-Tax separately with Jurkat cell extract and queried
whether the latter but not the former might capture Ran. Using
anti-Ran in Western blotting, we found that Ran was bound by
GST-Tax (Fig. 24, lane 2) but not by GST (Fig. 24, lane 1).

We next tested Tax—Ran interaction in freshly cultured primary
MEFs. We transfected MEFs with a HA-tagged Ran plasmid or a
His-tagged Tax plasmid, with or without a separate GFP-Tax
plasmid. Cells lysates were prepared and equilibrated individually
with anti-Ran-agarose beads or Ni-agarose beads. Beads were
pelleted and washed, and bead-captured proteins were probed for
Tax or Ran (Fig. 2 B and C). Consistent with the Jurkat results, a
specific association between Ran and Tax was reproduced in
primary MEFs (Fig. 2 B, lane 7 and 8, and C, lane 14).

We next performed confocal immunofluorescent studies in
MEFs transfected with Ran and/or Tax plasmids. MEFs trans-
fected with Ran-HA and/or GFP-Tax were fixed and stained with
anti-HA, anti-pericentrin, or anti-GFP (Fig. 3). In mitotic cells, Ran
was at centrosomes; however, overexpression of Ran neither per-
turbed centrosome morphology nor number (Fig. 3 Top). When
Ran was coexpressed with Tax, both were together at centrosomes;
notably, in this setting, aberrantly numbered and morphologically
fragmented centrosomes were seen (Fig. 3 Middle and Bottom). The
observed association between Ran and Tax was not an artifact of
plasmid overexpression given that we found the same interaction
between cell endogenous Ran and physiologically expressed Tax in
HTLV-1-transformed T cells (e.g., C81-6645 and MT4) (data not
shown).

A Domain for Ran Interaction Falls Within Tax Amino Acids 55-198. To
map Tax—Ran interaction, we created six GFP-tagged Tax-deletion
mutants (Fig. 44). We transfected MEFs with Ran-HA and
individual GFP-Tax wild types or mutants. Transfected cell lysates

Peloponese et al.
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were immunoprecipitated with anti-Ran, and we queried for co-
immunoprecipitated Tax (Fig. 4B). Ran coimmunoprecipitated
wild-type GFP-Tax (Fig. 4B, lane 3), but not GFP alone (Fig. 4B,
lane 2). Two Tax deletion mutants, TD1 and TD254, bound Ran
weakly (Fig. 4B, lanes 4 and 8), whereas a third Tax mutant, TD3109,
associated with Ran strongly (Fig. 4B, lane 9). By contrast, three
other Tax mutants, TD55, TD99 and TD150, showed no detectable
binding to Ran. These results map the Tax—Ran interaction domain
to fall between amino acids 55 and 198 of Tax.

We next transfected individual GFP-Tax mutants into MEFs and
stained for Tax (GFP), centrosome (pericentrin), and DNA (Fig.
4C). Three Tax mutants (TD1, TD254, and TD319) distributed to
centrosomes like wild-type Tax. By contrast, three other mutants
deleted in the central region of Tax (TD99, TDS55, and TD150) did
not appear at centrosomes. Hence, the central region of Tax, in
addition to determining Ran binding, specifies localization to
centrosomes.

Tax activates two major signal transduction pathways, cCAMP-
response element-binding protein (CREB) and NF-«B, in cells
(49). With the exception of TD319, all Tax deletion mutants used
above are inactive in both CREB and NF-«B pathways (17). To
clarify whether its signal transduction role might contribute to Tax’s
centrosome function, we tested the Tax point mutations Tax S258A,
Tax S274A, and Tax L320G, which have NF-kB~/CREB™, NF-

Peloponese et al.

Pericentrin

in MEFs transfected with GFP-Tax
deletion mutants. In these enlarged
images, TaxTD1, TD254, and TD319
but not TD55, TD99, or TD150 local-
ized to centrosomes. (D) Tax localiza-
tion to the centrosome is insufficient
to induce aberrant amplification.
MEFs were cotransfected with GFP-
Tax and Ran-HA. Anti-HA, anti-
pericentrin, and anti-GFP were used
to reveal the subcellular localiza-
tions. DNA was stained with Hoechst
33342. Whereas wild-type Tax (NF-
kB*/CREB*) induced centrosome
amplification, Tax S258A (NF-«B~/
CREB), a mutant unable to activate
NF-«B, localized to the centrosome
(arrowheads) but did not induce cen-
trosome amplification. In contrast,
Tax S 274A (NF-«B~/CREB™), a CREB-
defective mutant, can bind Ran but
did not localize to the centrosome
(arrowheads). Tax L320G (NF-«B*/
CREB™) behaved like GFP-Tax.

kB~/CREB™, and NF-kB*/CREB™ functional phenotypes, re-
spectively. Interestingly, we observed that only the GFP-Tax L320G
mutant induced supernumerary centrosomes, whereas neither GF-
P-Tax S258A (capable of centrosome localization) nor GFP-
Tax274A (incapable of centrosome localization) did so (Fig. 4D).
These results argued that Tax localization to the centrosome may
be necessary but is not in itself sufficient to provoke supernumerary
aberrancies. The results also suggested that the ability of Tax to
signal through NF-«B but not CREB may be needed to disrupt
normal centrosome physiology.

RanBP1 Is Targeted by Tax. Separately, we found that the TaxS274A
mutant can bind Ran (data not shown) but that such binding was
insufficient to dictate either centrosome localization or numerical
aberrancies (Fig. 4D). Moreover, GFP-Tax S258A mutant, which
does localize to centrosomes (Fig. 4D), was found not to bind Ran
(data not shown). These unexpected conundrums suggested that
another centrosome protein other than Ran may be targeted by
Tax. Recently, RanBP1, an important partner of Ran—-GTPase, has
been reported to play a role in regulating centrosome stability
during mitosis (47). We next hypothesized that perhaps RanBP1 is
the functional centrosome target of Tax.

To ask whether Tax and RanBP1 interact, we transfected MEFs
with HA-tagged RanBP1 and GFP-Tax. When we immunopreci-
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Fig. 5.

RanBP1 is important for Tax association with centrosome and induction of pathology. (A and B) MEFs were cotransfected with RanBP1-HA (lanes 4-6 and

9-11), and wild-type Tax (lanes 3, 6, and 9) or different Tax point mutants (lanes 10 and 11). RanBP1-HA was immunoprecipitated by using anti-HA. GFP-tagged protein
was detected with anti-GFP. Amounts of RanBP1-HA in the immunoprecipitate and GFP-Tax in cell extract were verified by using anti-HA or anti-GFP. (C) MEFs were
cotransfected with 0.5 ug of EGFP vector and 1.5 g of control siRNA (lanes 14 and 15) or siRNA targeted against RanBP1 (lanes 16 and 17). (D) MEFs were cotransfected
with 0.5 ug of GFP-Tax and 1.5 ug of control siRNA (Upper) or siRNA against RanBP1 (Lower). Anti-pericentrin and anti-GFP were used to reveal the subcellular
localization of centrosomes and Tax. DNA was stained with Hoechst 33342. (E) Whereas wild-type Tax induced centrosome destabilization and amplification (lane 19),

knockdown of RanBP1 by siRNA abrogated centrosomal amplification by Tax (lane 20); 500 cells with supernumerary centrosomes were counted.

pated cell lysates with anti-HA and probed for a Tax-RanBP1
complex by Western blotting with anti-GFP (Fig. 54), we observed
specific coimmunoprecipitation of Tax with RanBP1 (Fig. 54, lane
6). As controls, we used two Tax point mutants, GFP-Tax S258A
and GFP-Tax S274A. Interestingly GFP-Tax S274A, which does
not localize to centrosomes (Fig. 4D), did not bind RanBP1 (Fig.
5B, lane 11), whereas GFP-Tax S258A, which does localize to
centrosomes (Fig. 4D) but does not to bind Ran (data not shown),
did bind RanBP1 (Fig. 5B, lane 10). These results correlated Tax
binding of RanBP1 with its ability to locate to centrosomes.

The above transfection/overexpression experiments do not com-
ment on the role of cell-endogenous RanBP1 in Tax-engendered
centrosomal pathology. To address the latter issue, we used two
siRNAs to knock down RanBP1 (Fig. 5C, lanes 16 and 17). When
MEFs were transfected with siRNA against RanBP1, we found that
Tax no longer localized to centrosomes (Fig. 5D Lower). Corre-
spondingly, siRNA knockdown of RanBP1 also abrogated Tax’s
induction of supernumerary centrosomes in transfected cells (Fig.
SE, lanes 19 and 20). Taken together, these findings support a role
for RanBP1 in Tax’s localization to centrosomes and in its induction
of centrosome pathology. Similar siRNA experiments targeting
Ran were difficult to interpret because knockdown of Ran ap-
peared to provoke general cytotoxicity (data not shown).

18978 | www.pnas.org/cgi/doi/10.1073/pnas.0506659103

Discussion

ATL develops in ~2-5% of HTLV-1 infected individuals after a
prolonged latency period (50). This long latency for ATL devel-
opment suggests that multiple discrete events in a normal cell need
to be subverted by HTLV-1 in its transformation of cells. It has been
suggested that impairment of cell cycle checkpoints by Tax con-
tributes to ATL transformation (13). However, although abrogation
of checkpoints allows for tolerance of chromosomal imbalances,
such inactivation cannot mechanistically create aneuploidy in ATL
cells (8, 15-17, 22-24).

Alterations in centrosome number or function are frequent in
transformed cells (25, 26, 51). Because centrosomes dictate the
formation of a bipolar mitotic spindle, which is needed for the
proper segregation of duplicated chromosomes, aberrancies in
centrosome number/function would unbalance chromosome par-
titioning. A recent study suggested that Tax can trigger chromo-
somal missegregation in mitosis through its interaction with the
anaphase-promoting complex incurring premature degradation of
securin (18); in our assays, we have not observed a significant
securin—APC effect (S. V. Sheleg and J.-M.P., unpublished data).
Here we show Tax’s induction of supernumerary centrosomes as a
mechanism for HTLV-1 to create aneuploidy in cells.

Peloponese et al.
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Supernumerary centrosomes can occur in at least three ways.
First, centrosome replication in late G; can become dysregulated,
leading to amplification in number. Second, various genotoxic
insults can result in fragmentation of mitotic centrosomes, leading
to the production of multipolar spindles (32, 35, 52). Third, failed
cytokinesis with the formation of multinucleated cells can accu-
mulate abnormal numbers of centrosomes. In other viral oncop-
rotein systems, such as human papillomavirus E7, supernumerary
moieties are shown to occur via dysregulated interphase replication
of the centrosome (53-56). In contrast, Tax does not affect the
interphase duplication of centrosomes; instead, the HTLV-1 on-
coprotein causes centrosomes to fragment in mitosis, creating
numerical aberrancies. Our data indicate that Tax first interacts
with centrosomes after nuclear envelope breakdown has occurred
in mitosis (Fig. 1).

How does Tax cause centrosome fragmentation? The Ran—
GTPase network is involved in the control of nucleocytoplasmic
transport of macromolecules (46). Recent evidence offers another
function for the Ran network in mitosis. Ran also has been shown
to regulate mitotic microtubule nucleation and spindle formation
(46, 47, 57-60). Interestingly, during mitosis, Tax, Ran, and
RanBP1 are found together on centrosomes/spindle poles. Tax can
bind Ran independent of RanBP1, although our evidence indicates
that Tax binding to RanBP1, not to Ran, is the critical event that
targets Tax to centrosomes (Figs. 4 and 5). Our siRNA knockdown
experiments show that RanBP1 is required for Tax to a create
centrosome fragmentation (Fig. 5); however, because of the com-
plications of generalized cytotoxicity when Ran knockdowns were
attempted, we cannot formally exclude a role for Ran in Tax’s
activity on centrosomes. It is conceivable that RanBP1 is respon-
sible for targeting Tax to centrosomes, but, once Tax locates to the
centrosome, a ternary complex of Ran/RanBP1/Tax creates cen-
trosomal aberrations.

That RanBP1 may be a cellular factor required for Tax’s induc-
tion of supernumerary centrosomes (Fig. 5) is not necessarily
surprising. Elsewhere, RanBP1 is overexpressed in many tumors
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that have multipolar spindles, and RanBP1 has a demonstrated role
in regulating the cohesion of duplicated centrioles (57). Abnormal
RanBP1 function is known to alter microtubule dynamic at the
spindle pole and to induce the aberrant separation of mother and
daughter centrioles (47, 61). Our current data are compatible with
a scenario in which, once the nuclear envelope dissolves and the cell
enters mitosis, nuclear Tax protein goes to the spindle pole, where
it subverts normal RanBP1 function. We hypothesize that a Tax/
Ran/RanBP1 complex then alters the otherwise normal tethering
of duplicated centrioles leading to their premature splitting and
causing the formation of multipolar spindles. Multipolar mitosis
then leads to chromosomal missegregation and aneuploid daughter
cells.

In summary, here we show that Tax induces abnormal centro-
some numbers in cells. HTLV-1 and human papillomavirus (4, 54),
two very different human-transforming viruses, appear to share a
common objective to create numerical chromosomal mistakes in
cells, albeit through different mechanisms. Elsewhere, Tax has also
been shown to cause multinucleated cells (8). Currently, multinu-
cleated cells cannot be excluded as a separate means through which
HTLV-1 can further create numerical centrosome abnormalities.
Multipolar mitosis and the missegregation of chromosomes would
normally be expected to be arrested by the mitotic spindle assembly
checkpoint. Intriguingly, the mitotic spindle assembly sentinel was
previously shown to be disabled by Tax (23). Hence, Tax can
altogether create numerical chromosomal mistakes (i.e., multipolar
mitosis) and inactivate the mitotic checkpoint (i.e., inactivation of
mitotic spindle checkpoint), which would otherwise censor those
errors. Thus, HTLV-1 Tax appears to be a singularly sufficient
oncoprotein that creates errors while compelling the progression of
error-ridden mitosis to evolve aneuploid progeny cells.
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